In a previous paper, we proposed a simple method for measuring the mode excitation ratio in a two-mode fiber (TMF). Here, we experimentally investigate the applicability of the proposed method and also propose an alternative formulation to reduce experimental error.
Introduction
In a previous paper, we proposed a simple method for measuring the mode excitation ratio in a two-mode fiber (TMF) [1] . The method is based on the bending loss difference between the LP 01 and LP 11 modes. When the bending loss of the LP 11 mode in TMF is insufficiently large to reduce the LP 11 mode power to a negligible value with a small number of windings, we proposed performing three consecutive power measurements with different winding numbers to estimate the mode excitation ratio. It has been shown that the finite dimensions of the cladding and the presence of a resin coating causes fluctuations in macro bending loss versus both wavelength and bending radius [2, 3, 4] . The macro bending loss also varies with lateral pressure applied to bent fibers. This fluctuation degrades the accuracy of mode excitation ratio measurements.
In this paper, we propose an alternative formula to reduce experimental error and investigate the applicability of the proposed methods experimentally. Fig. 1 shows a schematic drawing of the experimental setup. We set the mode excitation ratio by using a mode combiner. The mode combiner consists of a half mirror and a phase plate. Two white lights were introduced into the mode combiner using single mode fibers. One white light was fed into port A and coupled to a TMF through a half mirror. The other light was fed into port B and passed through a phase plate before being coupled to a TMF. The phase profile of the phase plate matched the phase of the LP 11 mode at a wavelength of 1.55 µm. The LP 11 mode consisted of two degenerate LP 11a and LP 11b modes. The phase plate converted the LP 01 mode to one of the LP 11 modes, say the LP 11a mode. The two lights were carefully aligned to reduce the mode crosstalk at the mode combiner. The mode extinction ratio between the LP 01 and LP 11 modes of the mode combiner was about 20 dB at 1.55 µm, and better than 18 dB for the 1.45 to 1.65 µm wavelength range.
Experimental setup
The mode excitation ratio was controlled by attenuating the optical power of the light launched into port B. A slight fiber tension of about 0.05 N was applied to the end of the fiber. The diameters of the smooth mandrel we used were 10, 12, and 16 mm. The output power spectra were measured with an Agilent 86146b optical spectrum analyzer.
3 Bending loss property of the TMF First, we measured the bending loss property of each mode of the TMF by shutting off the white light to one of the two ports. Fig. 2 shows the wavelength dependence of the bending losses of (a) the LP 01 mode and (b) the LP 11 mode at different bending diameters. The black, blue, and red lines are the measured bending losses at bending diameters of 16, 12, and 10 mm?, respectively. The measured bending loss with a diameter of 12 mm? is not shown in the Fig. 2 (a) for the shake of simplicity, instead the loss at the five 10 mm? turns is shown by the red broken line. The macro bending loss formula of the single mode fiber was developed by Marcuse [5] . We assume that a similar relation holds for the LP 11 mode. Thin dotted lines are least square fits to an empirical loss formula for the LP 01 mode where the bending loss in dB/m is given by loss [in dB/m] F expðK 1 À K 2 D= 3 Þ and where D is the bending diameter and 6 is the wavelength [6] .
The ripples in the measured bending loss were caused by light reflected from the cladding interface to the primary coating [2, 3, 4] . The ripple peak shifts according to the winding number as seen in Fig. 2(a) . This causes an error with estimating the mode excitation ratio with the proposed method.
The measured bending loss of the LP 01 mode was less than 0.02 dB/turn when the bending diameter exceed 10 mm? and when the wavelength was shorter than 1.65 µm. While the measured bending losses of the LP 11 mode at a wavelength of 1.55 µm were 2 and 1 dB/turn at a bending diameters of 10 and 12 mm, respectively. Our proposed method assumes a negligible bending loss for the LP 01 mode and requires a small amount of bending loss for LP 11 mode. This condition was satisfied when the bending diameter was larger than 10 mm. We chose a bending diameter of 10 mm, because a higher bending loss for the LP 11 mode reduces the estimation error in the proposed method. We defined a tentative criterion for determining an appropriate bending diameter with a measured power change. A power change exceeding 10%/turn, or 0.5 dB/turn, is needed to ensure that there is a bending loss for the LP 11 mode, and power change of less than 3 dB/turn is needed if we are to ignore bending loss for the LP 01 mode. This criterion must be checked by performing further experiments.
Alternative formula for reducing uncertainty
The method we proposed in our previous paper employs three consecutive power measurements using winding numbers of 0, 1 and 2 with the same bending radius. By setting the power of the LP 01 and LP 11 modes at P 01 and P 11 , respectively, and the bending loss of the LP 11 mode at b, the measured power for i windings is written as P i ¼ P 01 þ b i Ã P 11 . The mode excitation ratio X is obtained from
The formula assumes that the bending loss increases in proportion to the winding number. As shown in Fig. 2(a) , the bending loss of five windings is not five times greater than that of one winding owing to the loss fluctuations.
Here we derive an alternative formulation, which sum-up at least three consecutive measurements to reduce the influence of the loss fluctuations.
The original formulation is divided into two steps. The first step determines the bending loss of the LP 11 mode b, using P 0 , P 1 , and P 2 and the second step calculates the mode excitation ratio. The b value is obtained from three consecutive power measurements of P iÀ2 ; P iÀ1 ; P i as,
We define the average bending lossb for winding number of N þ 1 from the geometrical average of the above expressions
From the law of propagation of errors, we expect the error amount withb to be 1=N times smaller than that of b. Next, we determine the formulation of the power of the LP 01 mode, P 01 . The power fluctuation is reduced by summing up N þ 1 consecutive power measurements of 0 to N windings. The sum gives
and P 01 is written as
Using the relation
we obtain the following expression for P 01
Here we assume that the accuracy of P 0 is high because there are no fiber bends. P 11 , the power of the LP 11 mode, is obtained with P 11 ¼ P 0 À P 01 , and it has the same accuracy as P 01 . As a result, we obtained an alternative expression of the mode excitation ratioX ¼ P 11 =P 01 as
where P sum ¼ AE N i¼0 P i andb ¼ P Nþ1 ÀP N P 1 ÀP 0 1=N .
5 Mode excitation ratio measurement Fig. 3 shows the measured mode excitation ratio. The mandrel diameter was 10 mm? and we performed six consecutive power measurements of P 0 to P 5 . The preset value of the mode excitation ratio was about 6 dB. The power was measured with a wavelength resolution of 10 nm in 1 nm steps, and it was averaged over a 50 nm wavelength range to reduce the power fluctuations caused by fiber bending. The resulting wavelength resolution of the measurement was equivalent to 50 nm. The black broken line is a preset value and the red solid line is the estimated excitation ratio using new formulation,X. The estimated value obtained with the previous formulation is also shown by the green dotted line. The estimated excitation ratioX agrees to better than 1 dB and X agrees to better than 2.5 dB within the measured wavelength range. The better agreement is obtained in the longer wavelength region, where the bending loss of the LP 11 mode becomes large. Fig. 4 shows the estimated mode excitation ratio for the different preset values. The measurement condition was the same as that of Fig. 3 except that we averaged the measured spectrum over a 200 nm. The red circles indicate the estimated excitation ratio ofX and the open triangles indicate the estimated excitation ratio X. TheX fluctuate less than X. The estimated excitation ratioX has a larger value than the preset ratio when the preset ratio was less than !10 dB. This is caused partly by the finite mode extinction ratio of the mode combiner we used in the experiment, and partly by the nature of the proposed method. Fig. 3 . Measured mode excitation ratio. The black broken line is a preset value, the red solid line is an estimated excitation ratioX, and the green dotted line is an estimated excitation ratio X.
Conclusion
We presented an alternative formulation for estimating the mode excitation ratio of a two-mode fiber using consecutive power measurements with different winding numbers and showed experimentally the applicability of the proposed methods. When the mode excitation ratio was 6 dB, the mode excitation ratio of a two-mode fiber was estimated with better than 1 dB accuracy using a 10 mm? mandrel and a wavelength resolution of 50 nm.
